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Since the dawn of space exploration, material outgassing has been a major
concern when developing a spacecraft. This has not only led to the creation of cleanrooms, but also to the development of various testing methods and standards used to
understand the outgassing characteristics of any given material. In industry, lowoutgassing materials are used to prevent contamination of electronics and camera lenses,
because outgassed contaminates can lead to electronic failure and blurry images. The
objective of this study is to develop a gas sensing sensor data acquisition system
comprised of inexpensive commercial off-the-shelf components capable of detecting
acceleration, atmospheric characteristics, and gas concentrations. Ground tests have been
conducted to determine baseline characteristics of the components and develop an
understanding of the CO2, CO and NO2 sensors’ ability to detect outgassing from PLA
and ABS. Significant CO2 outgassing from PLA and ABS was observed, while CO
outgassing was highly temperature dependent.
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CHAPTER I
INTRODUCTION
This study was conducted under the umbrella of a NASA funded project entitled
the Payload Planners Guide. The overarching goal of the Payload Planners Guide project
is to create a payload user guide for high power amateur rockets like the user guides
created for commercial launch vehicles that detail payload environment characteristics
such as acoustics, vibrations, venting, and contamination. Commercial launch vehicle
manufacturers use verified test methods and standards, in addition to expensive and
propriety equipment to test material outgassing properties and ensure payload bay
contamination does not occur. Outgassing and contamination can occur from a variety of
different sources, and it is important to mitigate because they can cause electronic failures
and image quality degradation. Since there was not enough funding to replicate the test
methods and equipment used by industry leaders in rocket payload manufacturing, an
alternative method needed to be developed to determine material outgassing for rocket
payload applications.
One of the main objectives of this study was to develop a sensor data acquisition
system comprised entirely of inexpensive, commercial off -the-shelf components capable
of detecting not only triple-axis acceleration and atmospheric conditions but also
concentrations of various gases. Doing this would create an easily replicable and
affordable method of testing material outgassing within a payload environment for
1

anyone who desires to pursue this same type of study for their own curiosity or for
research at another university. The development of an inexpensive gas sensing sensor
data acquisition system would allow for the completion of the second main objective of
this study: determine if the sensor data acquisition system is suitable for measuring
material outgassing of thermoplastics for rocket payload applications. Extensive testing
was conducted to ensure sensor behavior for all sensor data acquisition system
components was correct and determine if these components were suitable for detecting
material outgassing in rocket payload applications.
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CHAPTER II
COMMERCIAL LAUNCH VEHICLE MATERIAL SELECTION
When developing a spacecraft that will launch satellites and other cargo into
space, ensuring that material outgassing is being mitigated is paramount. Prior to
selecting a certain launch vehicle for delivery, customers want to be ensured that their
product will not be affected by the payload environment during transport. For this
reason, customers are provided with a payload user’s guide that details everything about
the payload environment from acoustics to contamination control. As a result, the
costumer can make an educated decision of which launch vehicle is ideal for their
payload. Material selection requirements for United Launch Alliance (ULA), Northrup
Grumman, and Blue Origin Launch Vehicles were analyzed to garner an understand of
how manufacturers decide on materials to mitigate outgassing.
2.1
2.1.1

United Launch Alliance Launch Vehicles
Atlas V
United Launch Alliance, operator of the Atlas V, states in the Atlas V’s payload

user guide that, “For most missions, the Atlas V launch system limits contamination
depositions from all launch system sources onto SC [spacecraft] surfaces to a molecular
thickness of 150 Angstroms and a particle obscuration of 1.0% [amount of
imaging/sensing target obscured], from the start SC encapsulation operations through the
end of the CCAM (collision and contamination avoidance maneuver), which follows SC
3

separation.” [1] The 150 Angstrom molecular thickness contamination limit is
approximately 1.5e-5 mm. Typically, materials that are selected for use inside the
payload fairing (PLF) are not to become a source of contamination to the SC. Metallic
and non-metallic materials that are known to chip, flake or peel are prohibited, however,
non-metallics that are not prohibited are still prone to outgassing. Any non-metallic
material used within the PLF is evaluated against criteria developed using Ref. 7 to
ensure the material is low-outgassing. If higher outgassing materials are ultimately used,
ULA ensures that the material is either encapsulated or vacuum baked to limit outgassing.
[1]
2.1.2

Delta IV
The Delta IV, also operated by ULA, follows many of the same outgassing

mitigation procedures as the Atlas V. For example, the user guide states, “The Delta IV
launch system has been designed to limit contamination depositions from all launch
system sources onto spacecraft surface to a molecular thickness of 150 Angstroms and a
particle obscuration of 1.0%.” [2] Additionally, the materials selected for use in the PLF
will be sources of outgassing, metallic and non-metallic materials that chip, flake, or peel
are prohibited, and use of non-metallic materials are evaluated against the criteria
established in Ref. 7. The Delta IV PLF, however, is virtually eliminated as a source of
contamination to the spacecraft due to its unique acoustic blanket configuration. The
acoustic blankets meet the outgassing criteria of 1.0% and 0.1% max total mass loss and
max volatile condensable materials as per Ref. 7. [2]

4

2.2
2.2.1

Northrup Grumman Launch Vehicles
Minotaur IV, V, and VI
The Minotaur family of launch vehicles are operated by Northrup Grumman

Innovation Systems, formerly Orbital ATK. The Minotaur family follows generally the
same outgassing mitigation procedures as the Atlas V and Delta IV. Instead of using the
criteria developed in Ref. 7, the materials used in the Minotaur vehicles are selected in
accordance with Ref. 6. Therefore, all materials used within the encapsulated volume of
the PLF will have the same outgassing characteristics as per Ref. 6. These outgassing
characteristics are denoted as being less than 1.0% total mass loss and 0.1% collected
volatile condensable materials, which is like the characteristics set in Ref. 7. [3]
2.2.2

Pegasus
The Pegasus launch vehicle is also operated by Northrup Grumman Innovation

Systems. As a result, the outgassing mitigation procedures are generally the same as the
Minotaur launch vehicles. However, the user guide states, “All materials within the
fairing that are in close proximity to the payload are selected based on Ref. 8.” [4]. When
describing outgassing characteristics, Ref. 8 requires that materials meet the same
outgassing standards outlined in Ref. 6 and Ref. 7. Thus, all materials used in the
Pegasus PLF will meet the outgassing characteristics of 1.0% and 0.1% for maximum
total mass loss and collected volatile condensable materials, respectively. [4]
2.3

Blue Origin’s New Glenn
As per the New Glenn User’s Guide, “Blue Origin has selected specific non-

metallic materials to minimize outgassing of New Glenn’s payload accommodations to
5

satisfy these requirements when exposed to thermal vacuum: less than 1% total mass loss,
and less than 0.1% collected volatile condensable material.” [5] Additionally, the
payload and all materials are limited to the same contamination levels for total mass loss
and collected volatile condensable materials according to Ref. 6. Like the requirements
of the ULA launch vehicles, the New Glenn must also meet contamination depositions of
molecular thickness less than 150 Angstroms and particle obscuration less than 1.0%. [5]

6

CHAPTER III
STANDARDS AND TEST METHODS FOR OUTGASSING MITIGATION
As evident in the previous chapter, launch vehicle manufacturers typically use the
same criteria when selecting materials for use inside PFLs. These criteria are outlined in
three different documents: ASTM E-595 Standard Test Method for Total Mass Loss and
Collected Volatile Condensable Materials from Outgassing in a Vacuum Environment,
NASA SP-R-0022 Vacuum Stability Requirements of Polymeric Material for Spacecraft
Application, and NASA RP-1124 Outgassing Data for Selecting Spacecraft Materials.
Launch vehicle manufacturers do not state anything beyond what documents and criteria
are used when they go through the material selection process. This chapter is an
investigation into the test methods and procedures that manufacturers reference when
selecting materials.
3.1

ASTM E-595
The system used in this American Society for Testing and Materials (ASTM) test

method is a micro-volatile condensable system that was developed based on an apparatus
developed by Stanford Research Institute (SRI) Personnel in the last 1960s. As stated in
the Ref. 6, “This test method covers a screening technique to determine volatile content
of materials when exposed to a vacuum environment. Two parameters are measured:
total mass loss (TML) and collected volatile condensable materials (CVCM). An
additional parameter, the amount of water vapor regained (WVR), can also be obtained
7

after completion of exposures and measurements required for TML and CVCM.” [6]
TML is the mass of material that is outgassed from a material that is subjected to 125 °C
at 0.007 Pa or less for 24 hours and is calculated as a percentage based on the mass
before and after testing. CVCM is the amount of material that is outgassed from a
specimen that condenses on a collector at a temperature of 25 °C and is calculated as
percentage based on the mass of condensable materials over mass of the initial specimen.
WVR is the mass of the water vapor regained by the material after it is exposed to a 50%
relative humidity atmosphere for 24 hours at 23 °C and is calculated as a percentage
based on the difference between the recondition mass and final mass over the initial
specimen mass. [6]
The testing apparatus contains two resistance heated copper bars that are 650 mm
long and 25 mm wide. Twelve specimen chambers are contained within the apparatus
and the open section of each chamber allows for vapors from the test specimen to exit
through a hole into the collector chamber where it can condense on the 25 °C collector
plate. Test specimen are typically cut into small pieces, approximately 1.5 to 3.0 mm
cubes, to fit into the aluminum foil specimen boats that are 10x6x12 mm. Test specimen
are also required to have a mass of at least 200 mg otherwise measurement accuracy may
be skewed. It is imperative that the specimen not be contaminated during the fabrication
process and must always be handled with gloves. All previously prepared materials are
assumed to be contaminated and must be cleaned using solvents that are non-reactive to
materials and leave no residue. Additionally, exterior surfaces of materials are removed
using either a clean razor blade for soft materials or a clean jeweler’s drill for hard
materials. All these precautions are taken to ensure that the measurements for TML and
8

CVCM are not impaired by oil from skin and flaking of excess material. [6] The
schematic of the critical test portion of the test apparatus can be seen in Fig. 3.1.

Figure 3.1

Schematic of the critical portion of the test apparatus [6]

The procedure for testing materials using this apparatus begins with weighing the
aluminum foil boat and the prepared collector plate. Once the collector is mounted into
its cooling-plate receptacle, the test specimen is added to the boat and the sample is
conditioned at the 23 °C and 50% relative humidity for at least 24 hours. After
conditioning, the specimen is weighed to an accuracy of 1 µg and subsequently placed on
the boat and into a specimen compartment of the test apparatus in Fig. 3.1. The cover
plates are then screwed onto the end of each specimen compartment followed by the
vacuum system being closed and evacuated to the target pressure of 0.007 Pa within 1
hour. Simultaneously, the collector plate must reach the target temperature of 25 °C
9

within the same time frame. The copper heater bars are turned on and heated to 125 °C
within an hour and maintained at 125 °C for 24 hours, while the collector plate is
maintained at 25 °C. After 24 hours, the vacuum valve is closed off and the heater bars
are turned off. Clean, dry nitrogen is then backfilled through the vent valve to rapidly
cool the heater bars. Once the heater bars have returned to a temperature at which they
can be handled, the collector plate heat exchangers are turned off and the vacuum
chamber is returned to room pressure using the nitrogen. The boats, specimen, and
respective collector plates are immediately stored in desiccators, and after having cooled
to approximately room temperature, are removed and weighed within 2 minutes. If WVR
is desired, then everything is returned to the relative humidity chamber for 24 hours.
Once all the necessary data is acquired, then calculations of TML, CVCM, and WVR can
be completed. [6] Once the calculations are made, “The criteria for acceptance and
rejection of materials shall be determined by the user and based upon specific component
and system requirements. Historically, TML of 1.00% and CVCM of 0.10% have been
used as screen levels for rejection of spacecraft materials.” [6] As previously mentioned,
these values of acceptance or rejection are used in Ref. 7 and Ref. 8 to determine
materials suitable for use in spacecraft.
3.2

NASA SP-R-0022
Much like the testing method developed in Ref. 6, Ref. 7 is dated as being first

developed in the late 1960s. As stated in Ref. 7, “the purpose of this document is to
establish outgassing requirements and test guidelines for polymeric materials used in the
space thermal/vacuum environment around sensitive optical and thermal control
surfaces.” [7] In addition to polymeric materials, fabrics, foams, lubricants, tapes and
10

anything else that might be used within the spacecraft were also tested. [7] While Ref. 7
does not state that the apparatus used during testing is the same apparatus used in Ref. 6’s
test procedures, the criteria of acceptability, test conditions and equipment used for
testing are nearly identical.
Like the criteria of acceptability stated in Ref. 6, the criteria stated here are that
materials should not exceed 1.0% maximum TML and 0.1% maximum CVCM. All tests
of materials listed in this document were tested under at a pressure less than 1e-6 torr
(1.3e-4 Pa) for 24 hours where the temperature of the specimen and condensable plates
were 125 °C and 25 °C, respectively. [7] All criteria and test conditions are the same as
Ref. 6, except the pressure stated here is lower. It is also stated that the specimen holder
(boat) must be stainless steel or aluminum and the test apparatus should be made of
copper. Additionally, sample materials to be tested were not to be less than 100 mg or
greater than 300 mg and did not exceed 1.5 mm dimensions. [7] While neither document
references the other, the development process and method in both cases were derived
from the same apparatus and procedure developed by SRI.
3.3

NASA RP-1124
Outgassing Data for Selecting Spacecraft Materials (Ref. 8) was first published in

1984 and contained testing data dating all the way back to 1967, which is not a
coincident. The SRI developed apparatus for determining TML and CVCM outgassed
from materials was duplicated at Goddard Space Flight Center (GSFC) based on SRI and
GSFC data detailing the criteria of acceptability, and Ref. 6. All data presented in Ref. 8
are gathered using this apparatus and following all the procedures and calculation
methods detailed in Ref. 6. There have been many revisions made to Ref. 8 over the
11

decades to update the document with all new material data tested between revisions. [8]
This document is so widely accepted that NASA has created a website
(outgassing.nasa.gov) containing all the test data for every material ever tested and
reported in Ref. 8, and it is continually being updated as new data is gathered.
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CHAPTER IV
SOURCES AND EFFECTS OF OUTGASSING
In rocket payload applications, many different materials can be used. High power
amateur rockets often use materials such as thermoplastics within the payload bay. These
thermoplastics are used to 3D print structures that secure sensors or cameras in a fixed
position. The use of these thermoplastic materials bears the possible risk of these
materials outgassing undesirable gases into the payload bay. Outgassing is a
characteristic of almost all organic and inorganic items found or produced on Earth.
Everything from plastics to metals to wood is susceptible to outgassing. Whether it is
referred to as outgassing or not, it is most commonly associated with “new car smell” or
“new house smell” because at some point everyone has experienced one or the other.
These “smells” are a direct result of plastics, wood, carpet, etc. releasing volatile organic
compounds (VOCs), among other gases, through many different sources. While the
outgassing produced by a new vehicle and home is not typically a concern for the owners,
engineers consider outgassing as a problem and take various precautions to understand
how materials will react within their systems. This chapter is an investigation into the
different sources of outgassing and the effects outgassing can have on sensitive
equipment. Additionally, hypotheses are made based on each outgassing source and how
they may affect thermoplastics for rocket payload application.
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4.1

Sources of Outgassing
There are four main sources that contribute to outgassing from any type of

material: Vaporization, permeation, desorption and diffusion. [9] Figure 4.1 depicts the
interaction between each source and the surface of an arbitrary material in a vacuum. As
observed in the figure, vaporization occurs when a molecule is expelled from the surface
material itself. Permeation is illustrated as the transference of gas molecules from outside
the surface material through the bulk. Desorption is characterized by the release of gas
molecules that are adsorbed to the material’s surface. Diffusion is depicted as the release
of gas molecules from within the bulk of the material. The importance of each of the four
sources depends on a multitude of factors including the material’s surface and the
conditions to which it is subjected. [9]

Figure 4.1

Main sources of outgassing from a surface in a vacuum [9]

Legend: grey – bulk material, grey (w/ arrow) – vaporization, yellow – permeation,
green – desorption, orange – diffusion
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4.1.2

Vaporization
For thermoplastics and their application in rocket payloads, it is unlikely that

vaporization will occur because that would require the solid surface material to
experience a phase change into a gas. A phase change from solid to liquid/gas for
thermoplastic requires that it be subjected to temperatures near or over at least 100 °C,
212 °F. [10] Temperatures of this magnitude are unlikely to be experienced within the
rocket payload bay. While vaporization may not occur during rocket payload
applications, it may certainly occur during the 3D printing process of thermoplastics.
The 3D printing process for thermoplastics is comparable to the process of a hot glue
gun. The thermoplastic is fed into the printer as a solid strand, heated to its melting point,
and applied to the bed of the printer. This process continues as the printer uses the
melted plastic to build the desired 3D model. The likelihood that vaporization is
occurring through this process is essentially one of the reasons why the 3D printers used
for printing materials for rocket payload applications are often contained within their own
housing unit to prevent the release of volatiles into the work environment.
4.1.3

Permeation
Permeation is another source from which outgassing can be a byproduct.

Permeation occurs when a gas from outside of the system enters the bulk of the material
and leaks into the systems. Polymers are permeable by almost all gases. [9] In rocket
payload applications, the thermoplastics will already be contained inside the payload bay
and, therefore, it is unlikely that permeation through the thermoplastics will be a major
concern within the rocket payload. However, when conducting ground tests, permeation
will need to be considered since thermoplastics are likely permeable. Additionally, most
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body tubes used for the payload bay, whether acrylic or carbon fiber, will contain venting
holes. These venting holes may allow undesirable gases outside the payload bay to
permeate into the system.
4.1.4

Desorption
Desorption is characterized as the release of molecules adsorbed to the surface

material into the environment. Adsorption is important to understand because surface
molecules are more easily released than any other source. [9] It is categorized into two
processes, physisorption and chemisorption as illustrated in Fig. 4.2. Physisorption, the
process through which molecules are attracted to a surface via the Van der Waals force, is
the weaker of the two processes and requires a heat of adsorption between 1 and 40
KJ/mol. Conversely, chemisorption, the process through which chemical bonds are
formed, is the stronger of the two processes and requires a heat of adsorption between 40
and 800 KJ/mol. As illustrated in Fig. 4.2, the strength of these bonds is denoted by the
potential energy barrier which a molecule must overcome to desorb from the surface.
The energy required to desorb a molecule from the surface material can be influenced by
many different sources, but the most common source is thermal. During the adsorption
and desorption processes, an equilibrium will eventually be reached between the
adsorbed molecules and those desorbed in the environment. This equilibrium is
dependent upon the relative stability of the gas, the temperature, and the pressure of the
gas. During a rocket launch, the payload bay is likely to experience two drastic changes:
temperature and pressure [9]. Since thermal energy plays a major factor in the desorption
process, desorption will likely be a major source of outgassing due to temperature
changes within the payload bay.
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Figure 4.2

4.1.5

Approximation of potential energy of a molecule with distance from a
surface showing the potential well of physisorption and chemisorption [9]

Diffusion
The fourth source of outgassing is diffusion, which is the release of gas molecules

from within the bulk of the material. The most important factor of diffusion is the rate at
which molecules move from one location to another. This rate usually varies
exponentially based on two factors: the diffusion barrier and temperature. [9] Like
previous sources of outgassing, diffusion is affected by the temperature of the system and
it is likely that diffusion may also be experienced during testing. This, however, will be
dependent upon the 3D printing process and what gases, if any, are trapped within the
bulking during material printing. There is a possibility that CO2 will be trapped within
the bulk of the printed material since the printers are in an environment in which
naturally occurring CO2 will be present.
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4.2

Methods to Reduce Outgassing
There are generally four aspects that can considered to reduce outgassing; choice

of materials, cleaning and handling, surface treatments and baking. Choice of material
comes down to selecting the most appropriate materials for their intended application
much like the previously discussed commercial launch vehicle manufacturers do when
selecting low-outgassing materials. Techniques such as jet methods, chemical
treatments, reactive gas, and glow discharge can be applied to ensure low-outgassing
materials are properly cleaned and handled. Surface treatment techniques generally
include mechanical and electro-polishing, passive and active coating, and vacuum and air
baking. These techniques to reduce outgassing generally accomplish one of two things
according to Grinham and Chew, “temporarily stimulate desorption to remove as many
adsorbed molecules as possible prior to use or create a barrier on the surface to prevent
adsorbed molecules from desorbing during operation.” [9]
4.3

Effects of Outgassing
The standards and methods for testing material outgassing and methods to reduce

outgassing have been well documented. These methods are widely used throughout all
aspects of spacecraft design; however, anomalies can still occur. It was stated by Henry
E. Frankel in 1969 that outgassing from polymers in a vacuum can lead to the following
possibilities such as re-condensing between contact relays which would cause an electric
open, on thermal control surfaces which would cause temperature imbalance, and on
optical surfaces which would cause loss of specific wavelength transmission. [11] As an
example of the effects of outgassing, outgassing effects from Stardust and Cassini
missions were investigated.
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4.3.1

Stardust
The Stardust mission was designed to fly through the coma of P/Wild 2 and

collect cometary dust particles released from the comet and return them to Earth. To
track the P/Wild 2 comet, the spacecraft used images taken by the Stardust’s Navigation
Camera in addition radiometric tracking. Somewhere along the way, however, outgassed
contaminates condensed onto the Navigation Camera causing blurred image quality.
Though this blurred image quality was not ideal and reduced the accuracy, it was
determined that the camera would still be adequate for flyby navigation. It was suspected
that this contamination occurred during the launch phase when a warm contaminant
would come to rest on a cold surface. After contamination to the navigation camera was
noticed, the charged coupled device associated with the navigation camera was turned on
to sublimate the contaminants which resulted in a small improvement. As the spacecraft
approached the sun, the charged couple device was heated for a month to further
sublimate the contaminates after which the image quality significantly improved. [12]
4.3.2

Cassini
The Cassini mission was designed to study Saturn and its rings and moons and

report data via images. Prior to launch of Cassini all the proper protocol was taken to
ensure nothing was contaminated in during the manufacturing process. However, like
Stardust, Cassini experienced image resolution issues. [13] Figure 4.3 presents three
images of Saturn taken by the narrow angle camera aboard the spacecraft on year/date,
2001/194. It was not until these images were being analyzed that there was a noticeable
haze apparent. Upon further investigation, it was seen that these Saturn images came 44
days after the haze first appeared. Between the dates of 2001/145 and 2001/150, during a
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periodic instrument maintenance cycle, Cassini experienced a 120 °C which caused water
vapor and other gases to condense on the narrow angle camera. [13] This haze was very
similar to what was observed in the contaminated Stardust images. Shortly thereafter,
extensive decontamination cycles were implemented to sublimate the contaminants that
were outgassed onto the narrow angle camera and return the image quality to normal.

Figure 4.3

Saturn images taken by Cassini on DOY 194, 2001 [13]

Filters from left to right: CL1/GRN, IR2/IR3, and CL1/MT3

The first decontamination cycle (C28) lasted seven days, during which time the
charged couple device was heated to -7 °C. The very next day, 2001/299, and image was
taken to observe the progress made in the decontamination cycle. The light (luminance
from the target) measured outside of a 5-pixel radius for this image was approximately
44%, which was 24% lower than the light outside of a 5-pixel radius from the first
reported anomaly image. The second decontamination cycle (C30) began on 2002/022
and lasted for eight day, during which time the charged couple device was heated to 4 °C
since -7 °C was not warm enough to remove all contaminants. On the eighth day, an
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image was taken, and the light measured outside of a 5-pixel radius was now down to
approximately 18%. The fifth and final decontamination cycle (C33) began on 2002/156
and lasted for 34 days. Again, during this time frame the charged couple device was
heated to 4 °C. On the final day of C33, an image was taken, and the light measured
outside of a 5-pixel radius was down to 5.1%. After C33 decontamination, the image
quality was now back to normal. [13] Figure 4.4 and Table 4.1 illustrate the image
quality improvements after the haze was first reported and after each major
decontamination cycle. This major decontamination effort took approximately 405 days
to return image quality to normal. This was a significant span of time and effort, and
truly shows the effects outgassing can have on important equipment.

Figure 4.4

Comparison of images taken with the BL1/CL2 filter throughout the
decontamination process [13]

Image date from left to right: 2001/145, 2001/150, 2001/299, 2002/030, and 2002/190.
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Table 4.1
Year/Date
Event
Target

Comparison of images taken with the BL1/CL2 filter throughout the
decontamination process [13]
2001/145
PreAnomaly
HD 339457

2001/150

2001/299

2002/030

2002/190

Anomaly

C28

C30

C33

Maia in
Pleiades

Spica

Spica

Spica

17.9%

5.1%

% of light
outside 55.3%
68.7%
44.4%
pixel
radius
Data from this table corresponds with Fig. 4.4 [13]

22

CHAPTER V
SELECTION OF MATERIALS AND SENSOR DATA ACQUISITION SYSTEM
SENSORS
The first step in building a sensor data acquisition system capable of detecting
material outgassing was understanding the process through which commercial launch
vehicle manufacturers choose their materials. Understanding these standard test methods
and the data commercial manufacturers use, in addition to understanding sources of
outgassing, is another important step toward mitigating outgassing for rocket payload
application. Taking all this into account, this chapter details the material and sensor
selection process for rocket payload application.
5.1

Material Selection
Materials that are commonly used for rocket payload applications are Polylactic

Acid (PLA) and Acrylonitrile Butadiene Styrene (ABS), both of which are thermoplastic
polymers used for 3D printing. Using Ref. 8 and its accompanying website, outgassing
data for PLA and ABS were determined. The outgassing data for PLA and ABS can be
found in Table 5.1. Although the high-power amateur rockets are non-vacuum PLA and
ABS do meet the criteria of acceptability denoted in Ref. 6 and Ref. 8. It is important to
understand that these materials are low-outgassing based on their vacuum outgassing
characteristics, and in theory, if they are suitable for use in a vacuum they should be
suitable for use outside of a vacuum as well.
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Table 5.1

Outgassing characteristics of PLA and ABS thermoplastics provided by
NASA [14]

Material
PLA Plastic
ABS Plus
5.2

% TML
0.56
0.63

% CVCM
0.01
0.08

% WVR
0.33
0.25

Sensor Selection
It was imperative that proper gas sensors be selected based upon material used

within the payload and the outgassing characteristics associated with each material. In
the early stages, it was believed that Carbon Dioxide (CO2), Carbon Monoxide (CO),
Nitrogen Dioxide (NO2), Methane (CH4), and a possible multitude of other gases could
potentially be present within the payload environment. This led to the acquisition of
CO2, CO, NO2, CH4, and indoor air quality (IAQ) sensors. These sensors were purchased
from SparkFun Electronics and Digi-Key with the goal of keeping the system affordable
and inexpensive.
According to information from various Safety Data Sheets for PLA and ABS, the
information in Table 5.2 was gathered. After determining the hazardous decomposition
products, the sensors that were previously bought would suffice, however, there were a
few gases and monomers for which sensors were unavailable. Unfortunately,
inexpensive, commercial off-the-shelf sensors for aldehydes, water, styrene monomer,
acrylonitrile monomer and hydrogen cyanide proved to be too expensive or not available
and were thus not studied. While IAQ and NO2 were not found to be potential
decomposition products, both were thought to be useful since IAQ was sensitive to
different gases and NO2 could potentially be outgassed from Nitrogen purging the rocket
motor.
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Table 5.2

Hazardous decomposition products of PLA and ABS thermoplastics [15],
[16]

Thermoplastic
PLA [15]

ABS [16]

5.3

Hazardous Decomposition Products
Carbon Monoxide
Carbon Dioxide
Aldehydes
Carbon Monoxide
Carbon Dioxide
Water
Hydrocarbons
Styrene Monomer
Acrylonitrile monomer
Hydrogen Cyanide

Sensor Overview
The first challenge in developing a sensor data acquisition system was

understanding the behavior and limitations of each component. Prior to developing and
debugging a working sensor data acquisition system, each sensor was tested individually
using an Arduino Uno. This was done to ensure that there was a proper understanding of
how each sensor operated. While all the sensors were tested equally, the IAQ and CH4
sensors proved to be less than ideal because both sensors contained seemingly
insurmountable noise and errors. The readings from the IAQ sensors were difficult to
understand because of the noise, and while it was sensitive to multiple gasses, there was
no way to determine which gas was being detected since it only output a single value.
The CH4 sensor on the other hand was extremely sensitive to changes in relative
humidity. While the accompanying documents provided steps for temperature and
humidity compensation, the sensitivity to humidity was so great that it rendered this
sensor unusable.
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The main use of this system will be to make in-situ measurements within the
payload bay of the rocket. Because of that, the sensors could potentially be subject to
extreme conditions. For example, summer temperatures can sometimes reach 100 °F and
when a rocket, which is essentially a pressure vessel, is left to sit on the launch stand for
potentially hours on end, the pressure and temperature inside the payload bay can
increase well above ambient atmospheric conditions. Since each of the gas sensors
obtained for this study are recommended for use indoors, understanding the operating
conditions of each sensor is imperative to determine if they are suitable for use within the
payload bay. With two sensors already eliminated from being used in the system, it was
important to further understand the characteristics of the remaining sensors. This would
include understanding the operating conditions of each sensors, the measurement range,
and accuracies of each sensor, as well as understanding if measurements could be
affected by temperature or pressure dependencies.
5.3.1

Accelerometer
The accelerometer in this system is a SparkFun Triple Axis Accelerometer

Breakout board that contains an ADXL377 produced by Analog Devices that can
measure acceleration produced from motion, shock or vibration with a full-scale range of
+/-200 g. [17] In addition to the 200 g full-scale range, the accelerometer can also
measure a range of +/-3 g via a slight modification to the software. A measurement range
of +/-3 g would not be large enough to encompass launch data from a rocket, while a
range of +/-200 g would more than likely be too large of a scale. The typical peak
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acceleration of high power amateur rockets is between 18 and 20 g, which is
approximately 1/10th of the accelerometers full-scale range.
A few things to note from the manufacturer’s datasheet are the operating
temperature range, nonlinearity and cross-axis sensitivity of the sensor input, sensitivity
due to temperature change, and zero g offset due to temperature. The operating
temperature range stated in the datasheet for the accelerometer is -40 to 85 °C, or -40 to
185 °F. [17] This operating temperature range is more than suitable for use in the
payload. The manufacturer also states that the nonlinearity (% of full-scale up to 180 g),
cross-axis sensitivity, and sensitivity change due to temperature for each axis are +/0.5%, +/-1.4%, and +/-0.02 %/°C, respectively. The zero g offset is stated to vary from
axis to axis with offset of the x- and y-axis being +/-12 mg/°C and the offset of the z-axis
being +/-30 mg/°C. [17] While these are important to understand, they are not
necessarily accurate for this system due to the software mainly because the resolution of
the sensor in Arduino does not measure as small as a milli-g.
5.3.2

Atmospheric Sensor
The atmospheric sensor in this system is a SparkFun Atmospheric Sensor

Breakout that contains a BME280 combined humidity and pressure sensor developed
Bosch. The following is an excerpt from the datasheet describing the sensor in general
terms, “The humidity sensor provides an extremely fast response time for fast context
awareness applications and high overall accuracy over a wide temperature range. The
pressure sensor is an absolute barometric pressure sensor with extremely high accuracy
and resolution and drastically lower noise than the Bosh Sensortec BMP180. The
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integrated temperature sensor has been optimized for lowest noise and highest resolution.
Its output is used for temperature compensation of the pressure and humidity sensors and
can also be used for estimation of the ambient temperature.” [18]
According to the manufacturer, the humidity sensor is operational from -40 to 85
°C, or -40 to 185 °F, with an accuracy of +/-3 % relative humidity. For full accuracy, the
pressure sensor’s operational temperature range is 0 to 65 °C, or 0 to 149 °F wherein the
pressure accuracy is +/-100 Pa. Additionally, the pressure sensor’s operational pressure
range is 30,000 to 110,000 Pa, or from 0 to 30,000 feet. Like the humidity and pressure
sensor, the temperature sensor is operational from -40 to 85 °C, or -40 to 185 °F, and for
full accuracy the temperature range is 0 to 65 °C, or 0 to 149 °F for an accuracy of +/-1
°C, or +/-1.8 °F. [18] The BME280 should be more than suitable for application within
the payload.
5.3.3

CO2 Sensor
The CO2 sensor in this system is a Telaire T6713 Series CO2 Module produced by

Amphenol Advanced Sensors. The T6713 is a Non-Dispersive Infrared (NDIR) sensor
with gold plated optics and diffusion sampling that has a measurement range of 0 to 5000
ppm. [19] The NDIR configuration consists of a single wavelength infrared light source,
a chamber, a light filter and an infrared detector. In this configuration, the gas that enters
the chamber is measured based on the amount of infrared light that is not absorbed by the
gas molecules in the chamber. The CO2 sensor uses Telaire’s patented Automated
Background Control (ABC) Logic to self-calibrate after 24-hours based on the
approximate outdoor CO2 levels of 400 ppm. [20] While this highlights the talent behind
28

the company that developed this sensor, the typical application in which it will be used
will not span a continuous 24-hour period. Since the duration of the typical application
will be less than 24 hours, the sensor will not have enough time to properly use the ABS
self-calibration logic, the software will be altered to output values based on an outdoor
test where values were “calibrated” to be approximately 400 ppm.
The accuracy of the CO2 sensor is +/-30 ppm or +/- 3 % of the reading over the
span of 400 to 5000 ppm. [19] This span will be taken verbatim because readings should
ideally never be lower than 400 ppm especially in an outdoor environment and 5000 ppm
is the known maximum rated value that can be read. The manufacturer also states that
the CO2 sensor should only be operated between temperatures of 14 and 140 °F with a
temperature dependency of 5 ppm per °C or 0.5 % of the reading, whichever is greater,
where relative humidity is non-condensing. [19] Based on the datasheet specification,
this CO2 sensor should be suitable for flight test applications.
5.3.4

CO Sensor
The CO sensor in this system is a CO sensor produced by SPEC Sensors and used

in conjunction with a SPEC Sensor ultra-low power analog sensor module specifically
designed for their CO sensors. One of the selling points of these sensors is the
affordability and low power consumption resulting from the screen-printed
manufacturing process. According to SPEC Sensor’s operation overview, all of SPEC
Sensors products are amperometric, electro-chemical gas sensors that generate a current
proportional to the volumetric fraction of the target gas. [21] A typical two electrode
electro-chemical gas sensor is shown in Fig. 5.1. However, the SPEC Sensor contains a
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total of three electrodes. These are a working (sensing), counter, and reference electrode
which all work in unison to measure the target gas. As depicted in Fig. 5.1, the gas enters
through the capillary diffusion barrier and onto the sensing electrode that is in direct
contact with an electrolyte. The sensing electrode, typically a catalytic metal that will
optimize the target gas’ reaction, measures the gas, the counter-electrode functions to
complete the circuit of the cell and directs electrons through the electrolyte in the
opposite direction of the sensing electrode, and the reference electrode provides improved
stability, signal-to-noise ratio, and response time by providing a stable electro-chemical
potential in the electrolyte. [21]

Figure 5.1

Typical two electrode electro-chemical gas sensor [21]

SPEC Sensor states that the CO sensor has a measurement range of 0-1000 ppm
with a repeatability of +/-2 % of the reading. [22] Each CO sensor is unique and as a
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result, the sensitivity of each sensor is also unique. For CO sensors, the average
sensitivity is 4.75 nA/ppm with a standard deviation of +/-2.75 nA/ppm. [22] The CO
sensor in this system has a sensitivity of 4.07 nA/ppm. This is important to note because
the software requires the unique sensitivity code located on every sensor to function
appropriately. Like the Telaire T6713, the sensor is primarily used for indoor
applications such as monitoring the target gas levels to ensure levels are safe. The
operating temperature range for the CO sensor is -30 to 55 °C, or -22 to 131 °F. [22]
Temperature dependency is also important in understanding the operation of SPEC
Sensors. Table 5.3 is an excerpt from the CO sensor’s datasheet that details the
coefficient of span and zero shift for temperature dependency compensation in the
software.
Table 5.3

Temperature dependency correction constants for SPEC Sensor’s Carbon
Monoxide Sensor [22]

Temperature Coefficient of
Span (%/°C) (Typical)
Zero shift (ppm/°C)
(Typical)
5.3.5

-20 to 10 °C
10 to 40 °C
-20 to 0 °C
0 to 25 °C
25 to 40°C

0.9 %/°C
0.3 %/°C
0.06 ppm/°C
0.4 ppm/°C
1.4 ppm/°C

NO2 Sensor
Like the CO sensor, the NO2 sensor in this system is also produced by SPEC

Sensors and used in conjunction with a SPEC Sensor ultra-low power analog sensor
module specifically designed for their NO2 sensors. SPEC Sensor states that the NO2
sensor has a measurement range of 0-5 ppm with a repeatability of +/-5 % of the reading.
[23] Like the CO sensor, each NO2 sensor has a unique sensitivity code associated with
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it. For NO2 sensors, the average sensitivity is -30 nA/ppm with a standard deviation of
+/-10 nA/ppm. [23] The NO2 sensor in this system has a sensitivity of -25.50 nA/ppm.
The NO2 sensor is also designed for indoor applications. The operating temperature
range for the NO2 sensor is -40 to 50 °C, or -40 to 122 °F. [23] Table 5.4 is an excerpt
from the NO2 sensor’s datasheet that details the coefficient of span and zero shift for
temperature dependency compensation in the software.
Table 5.4

Temperature dependency correction constants for SPEC Sensor’s Nitrogen
Dioxide Sensor [23]

Temperature Coefficient of
Span (%/°C) (Typical)
Zero shift (ppm/°C)
(Typical)

-20 to 50 °C

0.3 %/°C

-20 to 30 °C
30 to 50 °C

0 ppm/°C
0.0066 ppm/°C

32

CHAPTER VI
DEVELOPMENT OF SENSOR DATA ACQUISITION SYSTEM
For the sensor data acquisition system, Arduino and Raspberry-Pi were
considered since both are open-source affordable microcontrollers capable of powering
the sensors that would be used in this system. Both Arduino and Raspberry-Pi have their
pros and cons, but ultimately, Arduino was selected as the primary microcontroller since
there were already a few available. As a bonus, every sensor had an accompanying
Arduino open-source example code that was either provided by the distributor or released
into the public domain. These source codes were used as a building block for the sensor
data acquisition system’s Arduino code.
6.1
6.1.1

Sensor Data Acquisition System Software
Accelerometer Software
Reference 24 contains the accelerometer example code that was used as a starting

point for this system. Since the ADXL377 sensor could be operated in two different
modes, 3 g or 200 g full-scale, at two different voltages, 3.3 V or 5 V, the code includes
statements to instruct the ADXL377 to use the desired mode and voltage. Based on the
mode and microcontroller voltage the raw values for all axis’ is determined by reading
the analog values from the three analog pins for each respective axis. Once the raw
values are determined, an if loop is used to calculate the scaled g-values for each axis
based on which microcontroller voltage is being supplied to the accelerometer. The
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scaled g-values are calculated using a map function like the Arduino’s standard map
function, except using float values in this case.
6.1.2

Atmospheric Sensor Software
The atmospheric sensor example code, CCP file, and H file used in this system

are from Ref. 25. The CPP file is a C++ code that needs to be compiled with the Arduino
code, and the H file is a header file that is referenced by the CPP file. The CPP file
contains all the software necessary for the BME280 to function properly. The example
code provided is very simple and only requires that the H file be incorporated using the
#include syntax. This allows the code to utilize all libraries in the CPP file for
calculating temperature, pressure, altitude and relative humidity. This sensor can be
wired to the microcontroller using Inter-Integrated Circuit (I2C, pronounced I squared C)
Protocol or Serial Peripheral Interface (SPI), but for this configuration I2C will be used.
The default address in the CPP through which the BME 280 will communicate with the
microcontroller via I2C is 77. With this configuration, all that is necessary is printing the
calculated value for each value temperature, pressure, altitude and relative humidity.
6.1.3

CO2 Sensor Software
Reference 26 contains the example source code for the CO2 sensor. This example

code was developed for the CO2 sensor to communicate to the microcontroller via I2C.
Before the CO2 sensor can calculate anything, the I2C address is defined by default to be
15. When a sensor is connected to a microcontroller via I2C, the microcontroller treats
the sensor as a “slave” device. The example code for calculating the concentration of
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CO2 follows the standard procedure for Arduino’s communication via I2C, and then uses
a custom equation to solve for the concentration.
6.1.4

CO and NO2 Sensor Software
The source code for the CO and NO2 sensors and accompanying CPP and H files

were developed and released through Ref. 27. This code was developed to use multiple
sensors in conjunction with each other. All the equations and constants required for
concentration calculation of each sensor are in the CPP file and H file associated with the
example code. The beginning of the code uses the #include syntax to call in and include
the software’s equations and libraries. The analog pins are assigned to the respective
temperature and voltage outputs from each sensor and denoted as an integer, and the
sensitivity factor for each sensor is called in as a constant. These are then assigned to the
proper sensor to calculate the concentration of each sensor.
6.1.5

MicroSD Breakout Software
The example code for the microSD was developed and released by SparkFun

Electronics through Ref. 28. The SD H file library is called into the code and uses the
file syntax to create a name for the SD card in which the data is being written. The
pinMode syntax is used to declare the chip select digital output location and initialize the
sensor. Using the name of the SD card, the SD card file is opened and named using up to
eight characters. All the data can then be written in comma separated value format and
saved as a txt file on the SD card.
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6.2

Sensor Data Acquisition System Software Development
In the beginning stages of development, one Arduino Uno, which has six analog

inputs, was thought to be enough to power and control the sensors, however, this was not
correct. The accelerometer, CO sensor and NO2 sensor communicate via analog signals
with the Arduino Uno, and there were seven total analog inputs that were needed; three
for the accelerometer and two for the CO and NO2 sensors. This would now require the
use of a second Arduino Uno. In addition to communicating with devices through the six
analog inputs, the Arduino was capable of communication through I2C, which allowed
multiple “slave” devices to communicate with one or more “master”. [29] I2C would
prove to be useful because the atmospheric and CO2 sensor both use I2C as their primary
communication with the Arduino. Since a single Arduino Uno did not have enough
analog inputs, I2C would allow for a second Arduino Uno to be used as a “slave” device
which would provide ample analog inputs.
The accelerometer, CO2 sensor and microSD breakout are all powered via the 5 V
pin are the Arduino Uno, while the atmospheric, CO and NO2 sensors are powered via
the 3.3 V pin. There are two sets of I2C ports on each Arduino: the pins labeled SCL
and SDA, and analog pins 4 and 5. The SCL and SDA ports are located on the same side
as the digital pins and are where the green and blue wires from the atmospherics and CO2
sensor are connected to, respectively. The analog 4 and 5 pins are SDA and SCL ports,
respectively, and allow the master and slave Arduinos communicate with each other.
Figure 6.1 on the following page illustrates the wiring diagram for the sensor data
acquisition system.
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Figure 6.1

Breadboard wiring diagram for the sensor data acquisition system

As illustrated in Fig. 6.1, the master Arduino was used to power and control the
accelerometer, atmospheric sensor, and CO2 sensor, as well as the microSD card. The
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software for the master, was a combination of the aforementioned sensors’ example
codes which were modified slightly to ensure they would operate simultaneously. A
script to request and receive data from the sensors on the slave Arduino was written into
the master’s software for data from all sensors to be recorded on the same device.
Additionally, a simple if-loop was implemented into the master’s software which would
allow for the data to be recorded to the microSD or monitored in the serial monitor. This
if-loop was implemented because during the debugging phase it would be ideal to
monitor the data in real-time whereas during testing the data could easily be stored to an
SD card. In both cases, all the data was output as a comma separated value text file. This
would allow for quick and easy import into Excel during the data analysis process
regardless if data was being monitored via the serial monitor or stored to the microSD
card. All that would be required is changing the printTO value in the software from a 0
to a 1 depending on where the data was desired to be output.
The slave Arduino was used to power and control the CO sensor and NO2 sensor
as depicted in Fig. 6.1. Since each sensor manufactured by SPEC Sensor had a unique
sensitivity code printed on the back, the example codes for the CO and NO2 sensors were
modified to reflect the unique sensitivities. The slave Arduino software was also
modified to contain a script that transmits CO and NO2 sensor values to the master
Arduino upon receiving a request from the master. Figure 6.2 contains a flow chart that
illustrates the processes of the entire system.
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System is Powered On

ARDUINO MASTER:

ARDUINO SLAVE:

Initialize Accelerometer,
Atmospheric sensor, CO2
Sensor and microSD

Initialize CO and NO2
Sensor

Create first-row
column headers

Gather temperature and voltage
values for CO sensor

Gather data from all
Master Sensors

Calculate
concentration of CO

Request data
from Slave

Gather temperature and voltage
values from NO2 sensor

Compile all data
in .CSV format

Calculate
concentration of NO2

Is the
microSD
used?

NO

Record all data to
serial monitor

YES

NO

YES

Record all data
to microSD file

NO

Request
received
from Master?

Send data to
Master

Enough
data
gathered?

YES
System is
Powered Off

Figure 6.2

Simplified flow chart of the Sensor data acquisition system code for both
master and slave Arduinos
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In the current configuration, the computer system could simultaneously record all
data from the “master” and “slave” devices at approximately 10 Hz. The accelerometer
and atmospheric sensor could process data quickly enough to update their signal every
time a new line of data was recorded. The gas sensors were not quite as fast, however.
The CO2 sensor signal updated every five seconds according to the manufacturer data
sheet, so for five seconds of recorded data the values were the exact same until the signal
updated again. [19] In this configuration, the data sent from the “slave” to the “master”
Arduino updated every six seconds. This occurred because in order to calculate the target
gas in ppm, both sensors’ average temperature, voltage, and the concentration over one
second. These averages do not occur over the same one second span and are therefore
averaged in a sequential order. The sequential order of these averages is illustrated in
Fig. 6.3. Exactly like the CO2 sensor, the data from both CO and NO2 sensors will be
constant until the signal changes. These slow updating signals are the main reason why
the system is not set to record data at its maximum frequency during the debugging and
prototyping process.

Figure 6.3

Timing chart of slave Arduino sensor measurements
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6.3

Static State Debugging of the Sensor Data Acquisition System
All the debugging tests occurred indoors and under normal room temperature

conditions with the system sitting stationary on the work surface. In this setup, only
acceleration due to gravity would be present so errors in the accelerometer could be
easily determined. Additionally, the system would be recording ambient measurements
from the atmospheric and gas sensors. Debugging tests showed that the atmospheric, CO
and NO2 sensors did not require much debugging for these static state tests. The
accelerometer and CO2 sensor, however, required much more attention to understand the
data from the debugging tests. Figure 6.4 shows the initial configuration of the sensor
data acquisition system.

Figure 6.4

Initial configuration of the sensor data acquisition system.

From left to right: accelerometer, atmospheric sensor, CO2 sensor, CO sensor, and NO2
sensor
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6.3.2

Accelerometer Debugging
From every test, it was observed that the resolution of the accelerometer when set

to a full-scale range of 200 g was 0.39 g which is not as small as a mg as stated by the
manufacturer. In a full-scale 200 g scenario, this resolution was only 0.195 % of full
scale. However, in a static, steady state scenario, this resolution was 39 % difference in
expected values. If this accelerometer were to be used during a test flight that reached 20
g, for example, the resolution would be 1.95 % which would be acceptable. However,
between the rocket sitting at the launch site and the rocket reaching peak acceleration the
resolution would fluctuate between 1.95 and 39 % which was less than desirable.
In addition to the large resolution, the accelerometer experienced periodic spikes
in both raw and adjusted readings in all three axes. The source of this anomaly stemmed
from the flashing light on the CO2 sensor. The light on the CO2 sensor flashed every five
seconds, which occurred to update the signal of the sensor. During the period in which
the light was on, approximately 0.5 seconds, the accelerometer recorded higher than
normal values until the light shut off and it returned to its nominal value. This problem,
as depicted in Fig. 6.5, seemed to be consistent and was tested in various ways to
determine if the source was in the source code, wiring, or the sensors.
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Figure 6.5

Z-axis acceleration errors due to the CO2 sensor’s flashing light

This figure is indicative of the errors that are experienced in the x- and y-axis as well.

First, the entire system was disassembled which allowed for each sensor to be
tested individually. When the accelerometer was wired properly and recording data on its
own, there were no spikes present aside from the normal noise that it experiences. Next,
the CO2 sensor was wired to the same Arduino Uno as the accelerometer, and the codes
for both sensors were uploaded to the Arduino. The accelerometer anomaly was present
again. All wires between each sensor and the Arduino Uno were checked multiple times
to ensure the wiring was correct. Then, not knowing what would occur, both sensors
were left wired to the Arduino, but only the code for the accelerometer was loaded onto
the Arduino. The spikes were still present, which confirmed that the source code was not
the problem. The anomaly likely stemmed from some noise within the sensors
themselves, and as far as why the accelerometer was the only sensor affected remains
unknown.
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6.3.3

CO2 Sensor Debugging
During the initial stage of understanding how each sensor worked with Arduino,

the CO2 sensor’s sensitivity to human breath became evident. Even though the
composition of exhaled human breath contains only a small percentage of carbon dioxide,
approximately 4%, the sensor could easily detect it. [30] During debugging, this
sensitivity was considered to ensure that the CO2 sensor was positioned in a secluded area
out of direct contact with CO2 from human breath. This allowed for the sensor to
measure the CO2 in the ambient surroundings without experiencing large increases and
fluctuation of CO2.
In addition to human breath causing errors in the CO2 data, errors in the data also
stemmed from signal drops as depicted in Fig. 6.6. To ensure the CO2 sensor data was
always correct, the sensor was tested in outdoor air where the concentration of CO2 was
known to be 400 ppm. Then an offset value was used to ensure the data recorded by the
CO2 sensor represented the value of fresh air. The offset used for the data in Fig. 6.5 was
+325. Whenever the signal was lost between the Arduino and the CO2 sensor, the sensor
recorded the offset value instead of the previously known recorded value. This error was
the same no matter what offset value was used. Even if there was no offset value present
in the software, whenever the signal was lost, a 0 would be recorded in place of the actual
value. A simple if-statement could be used in Excel to compensate for this error during
data analysis. For example, if the data was equal to the offset value, then the previously
recorded value replaced the offset value. If the data was not equal to the offset value,
then the recorded value would not be changed.
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Figure 6.6

Signal drop in CO2 sensor data
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CHAPTER VII
SENSOR DATA ACQUISITION SYSTEM GROUND TESTS AND RESULTS
After all the bugs were believed to have been worked out, official testing of the
first sensor data acquisition system prototype commenced. Every one of the proceeding
ground tests were conducted to understand the baseline characteristics of all the sensors
and understand their behavior in different situations. Temperature, along with pressure,
was the main dynamic characteristic of a typical test flight. Most of the tests were
conducted to simulate thermoplastics in the presence of temperature changes to simulate
the payload environment on a smaller scale.
7.1

Gas Detection from Hybrid Rocket Motor Test Fires
The first set of tests were conducted to determine if the system could measure

gases produced by rocket motors during static motor test fires. If the sensors were able to
detect gases emitted from the motor during a test fire, then an understanding of what
gases the motor produced could be developed. This information would be important in
case, for example, some of the motor exhaust leaked throughout the body of the rocket
and into the payload bay. While this scenario may be unlikely, it was still important.
The tests were conducted in the alley behind Patterson Engineering. The test
stand for the rocket was stationed just outside the sliding garage-style doors of the
Aerospace Engineering Lab in Patterson. For the first two tests, the sensor data
acquisition system was placed 17.5 feet downstream of the rocket nozzle. This location
46

was settled upon because it was relative flat and located in front of the double doors that
led to the hallway of Patterson. The third test, however, was conducted approximately 30
feet downstream of the rocket nozzle to compare if distance influenced the data. Unlike
the tests that occurred during the debugging phase, the sensor data acquisition system was
powered via an external battery supply and all data was recorded on the microSD. Figure
7.1 depicts the typical Patterson Engineering alley test setup. As a note, the rocket motor
used for the first two tests was a Contrail M2281 Solid Fuel Grain hybrid rocket motor,
while the rocket motor used for the third test was a custom paraffin rocket motor
developed by SquidWorks.

Figure 7.1

Test set up for sensor data acquisition system during rocket motor test fires
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For each set of data, values for CO2, CO and NO2 were analyzed and compared.
Figure 7.2 illustrates the comparison of CO2 values recorded during the three test fires. It
can be observed that prior to 7.75 seconds CO2 was relatively constant near 400 ppm
which was expected. A short time after the motor was ignited, all the data fluctuated
some with increases ranging from 50 to 173 ppm of CO2. CO2 from tests 1 and 2 both
increased over 125 ppm after the motor was ignited, whereas CO2 from test 3 only
increased around 50 ppm. The discrepancy between the data could be a result of the use
of different motors, but it was more likely to be a result of the change in distance. This
data indicated that there was a direct correlation between the amount of CO2 detected and
the distance from the computer to the motor. This correlation was also important to note
when analyzing the CO and NO2 data.

Figure 7.2

CO2 response during rocket motor test fires
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Figure 7.3 illustrates the comparison of CO data between the three tests. The CO
data for all three tests prior to the 7.75 second mark was relatively constant. In each
instance, values of CO decreased almost immediately after the rocket motor was ignited,
and then, after some time, slowly began to approach zero. Again, it was observed that the
data from the first two tests were nearly identical while that of the third test was different.
CO values immediately dropped to more than negative 2000 ppm during the first two
tests, and CO values only dropped to negative 500 ppm for the third. This again
illustrated that there was a direct correlation between distance and concentration. While
it was clear that distance affected the measured concentration of CO, it was unclear,
however, why the values of CO behaved in such a manner.

Figure 7.3

Response of the CO sensor during rocket motor test fires
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It was previously noted that all sensors in the system were dependent upon
temperature in some way and used equations in the software to help account for this
discrepancy. In addition to being temperature dependent, SPEC Sensors stated that both
CO and NO2 sensor were responsive to rapid changes in relative humidity and typically
there was a spike in the negative direction where there was a rapid decrease in humidity.
[31] Figure 7.4, provided by SPEC Sensors, depicts the response of baseline to rapid
relative humidity change. It was also noted by the manufacturer that the figure was
produced solely for illustrative purposes and the precise magnitude and width of the
spikes would vary by sensor and conditions. [31] Their figure depicts change in current
over time, while figures from the present testing illustrated concentration of the target gas
over time. This would partially explain why they stated that magnitude would vary based
on the situation since current was used to calculate the concentration. Their figure also
illustrated that an approximate decrease of relative humidity would result in a decrease of
baseline current.
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Figure 7.4

Response of baseline current due to a rapid change in relative humidity
[31]

As a direct comparison, Fig. 7.5 depicts the response of the concentration to rapid
relative humidity change. In the previous figure provided by SPEC Sensors, the change
in relative humidity and sensor baseline current occurred simultaneously, while there was
approximately a five second delay in the data recorded during the test fire. This time
delay was due to the lag of the CO sensor. In this testing configuration, it took
approximately four seconds for the temperature and concentration signals for CO and
NO2 to update and send data from the master to the slave. Comparing to the data
provided by SPEC Sensors, a decrease of 30 % relative humidity resulted in an apparent
decrease of 2250 ppm concentration, thus verifying the sensor behavior stated by the
manufacturer.

51

Figure 7.5

Response of the CO concentration with a rapid change in relative humidity

Figure 7.6 depicts the changes in relative humidity during the three test fires
compared to each other. It can be observed that relative humidity during tests one, two
and three decrease by 30, 25, and 18 %, respectively. These decreases in relative
humidity were approximately the same in each instance and are not necessarily solely
indicative of the magnitude of concertation decreases for each test. The slight
discrepancy between the first two tests is more than likely due to other conditions on
those days, whereas the correlation between the decrease in relative humidity and
concentration for test three is likely a factor of the distance between the rocket and sensor
data acquisition system.
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Figure 7.6

Change in % relative humidity during rocket motor test fires

Though the CO and NO2 sensor are manufactured by the same company, the
response of the NO2 sensor was not as chaotic as that of the CO sensor. Figure 7.7
illustrates the behavior of NO2. In all tests during the debugging phase, the NO2 sensor
constantly recorded a concentration of 0 ppm which was expected. It is interesting to
note that, prior to the 7.75 second mark in tests one and two, a NO2 value of 4 ppm was
measured. Prior to the motor being fired, all the N2O within the system was purged.
Since the oxidizer for the rocket was N2O, it could be possible that trace amounts of NO2
were present within the tank and subsequently scrubbed out during the purge. The fact
that the sensor data acquisition system’s NO2 sensor detected a small quantity of NO2
17.5 feet away from the purge was important because ABS and PLA are not known to
outgas NO2. If NO2 was detected within the payload bay, it might indicate there was a
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leak somewhere in a rocket using N2O oxidizer. The data recorded during the third test
followed the same trend as the CO2 and CO data; since the system was further away the
magnitude of measured change in concentration was smaller.

Figure 7.7

7.2

Response of NO2 sensors during rocket motor test fire

Testing the Temperature Dependency of the CO Sensor
Prior to determining the outgassing properties of PLA and ABS, tests were

conducted to understand the CO and NO2 sensor’s response to temperature. In a normal
indoor environment, the concentration of CO would be a constant 0 ppm. In theory, a
change in temperature alone in such an environment should not cause a measurable
increase in CO concentration. As a result, the CO and NO2 sensors should not record a
change in CO and NO2 based solely on temperature change. To test this theory, the
system was set up in a small room with dimensions of 148.33 ft3 and placed on the floor
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approximately 16 inches in front of a heater. This set up was thought to be sufficiently
far away from the heat source to measure ambient temperature in the room. This would,
on a smaller scale, represent a simulation of temperature increases the sensors would
experience from within the payload pay while the rocket is sitting on the launch stand.
The test set up is depicted in Fig. 7.8.

Figure 7.8

Test set up for indoor payload environment simulations

During the test, the temperature recorded by the sensors in the room experienced
an increased from 23 to 28 °C. As illustrated in Fig. 7.9, when an increase in temperature
occurs an increase in CO concentration also occurs. Each increase in temperature
resulted in a non-linear increase in CO up to almost 40 ppm. There seemed to be a direct
correlation between both temperature and CO concentration increase which should not be
the case. Temperature changes should not create or eliminate CO in this environment.
This led to the belief that the equations and constant that compensate for temperature in
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calculating the CO concentration were incorrect. In the software, _Ah, _Al, and _Tc are
denoted as the baseline response to high temperature, baseline response to low
temperature, and span temperature correction factor, respectively. The values associated
with these constants in the software were different than the values provided in the
manufacturer’s datasheet and were thought to be incorrect. These values were
subsequently changed to reflect the values for zero shift in temperature and temperature
coefficient of span for CO and NO2 based on the values in Table 5.3 and 5.4,
respectively. Additionally, the software presented no reasoning behind why such values
differed from those that were originally used in the document. After changing these
constants, more testing was conducted to determine if the changes were reasonable.

Figure 7.9

CO response with the addition of heat in a stable environment
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Under the same conditions and in the same test setup, the system was tested again
to analyze the CO sensor’s response to only an increase in temperature. It can be
observed in Fig. 7.10 that with these changes to the software constants, the CO sensor
was no longer as sensitive to heat as it was before. Over the duration of this test, the
environment experienced the same magnitude of change in temperature increasing from
25 to 30 °C. The concentration of CO recorded by the sensor fluctuated near 0 ppm
between -3 and 1 ppm. This is a drastic difference from the prior test and is what would
be expected from a test of this configuration. The CO data stayed relatively constant over
the entire duration of the test and only experienced minor fluctuations in concentration.
The fluctuations were more than likely due to electronic noise that has always been
present in the sensor. The results from this test led to the belief that the system was now
operating as it should when experiencing a change in temperature, and these new
constants were left unchanged for the proceeding tests.
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Figure 7.10

7.3
7.3.1

CO response with the addition of heat in a stable environment after
software constants were modified

Small Scale Payload Simulation with PLA
PLA1-TST-1
Now that the CO sensor was no longer experiencing large changes in

concentration as ambient temperature changed, tests were conducted to determine if the
system could detect outgassing from PLA enclosures. A 750 cm3 PLA box that was
printed 23 days prior to the first test of the PLA box, PLA1-TST-1, was used for this test.
The test set up was left unchanged from the prior tests except this time the PLA box was
placed over the CO2, CO and NO2 gas sensors. Similar to the test before, the system
experienced a temperature change from 24 to 29 °C. As depicted in Fig. 7.11, the CO
sensor recorded a change in CO concentration over the duration of PLA1-TST-1. These
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results indicated that while there may be some direct temperature effect on the sensor, the
sensor was detecting CO being outgassed from the PLA box.

Figure 7.11

CO response in the presence of PLA with heat added

Unlike the CO sensor, the CO2 sensor did not require adjustments to the software.
Figure 7.12 illustrates the change in CO2 over the duration of the PLA1-TST-1. The
initial CO2 concentration recorded was approximately 1575 ppm. Over the duration of
the 60-minute test the CO2 concentration steadily increases to approximately 1645 ppm,
which results in a change of 70 ppm of CO2. This change is interesting to note because
prior to testing with any thermoplastic box this behavior was not recorded. Referring to
Ref. 15, the steady increase in CO2 was expected because it is highly possible that CO2
could have been trapped within the bulk of the material during the printing process. The
source of CO2 outgassing in this case was likely due to diffusion if CO2 were trapped
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within the bulk. Additionally, desorption could also be a source of CO2 due to CO2
molecules adsorbing to the surface of the box during and after printing, but prior to
PLA1-TST-1.

Figure 7.12

7.3.2

CO2 response in the presence of PLA with head added

PLA1-TST-2
Four days after PLA1-TST-1, a second test, PLA1-TST-2, was conducted using

the same PLA box. As all prior tests, the set up was left unchanged for consistency.
There was a noticeable difference in CO concentration between the two tests as
illustrated in Fig. 7.13. Under the same conditions as the prior test, PLA1-TST-2
experienced no change in the concentration of CO with values ranging from -2 to 1 ppm
with most values being exactly 0 ppm. Like the tests before, the system also experienced
a 5 °C change in temperature. While this result was unexpected, it led to a few
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conclusions to be drawn: “Outgassing is a factor of temperature and time.” [11] The CO
data from both PLA tests are consistent with this statement.

Figure 7.13

CO response during the second test in the presence of PLA

The CO2 data from PLA1-TST-2 was also different than the prior test. There was
an increase from approximately 2385 to 2420 ppm as depicted in Fig. 7.14. However,
after the approximate 35 ppm CO2 increase, the concentration begins to decrease to 2360
ppm. It is entirely possible that after the first test the PLA contained a much smaller
amount of CO2 than before. This data means that after the PLA outgassed all of its
potential CO2, an equilibrium was reached within the system and those CO2 molecules
began to either leak out of the system entirely or adsorb back to the surface of the PLA
box.
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Figure 7.14

7.4

CO2 response during the second test in the presence of PLA

Testing with a Direct Source of CO
After the sensor data acquisition system had been tested a few times indicating

that it could potentially be detecting CO outgassing from the PLA box, the computer was
tested in an environment containing a direct source of CO. CIG-TST-1 was conducted
outdoors, but out of direct sunlight. The test set up was comprised of the sensor data
acquisition system contained underneath a translucent box which is shown in Fig. 7.15.
The direct source of CO was a cigarette that was lit and placed underneath the translucent
box with the sensor data acquisition system. Placing the sensor data acquisition system
and the lit cigarette underneath the translucent box would allow the gases produced by
the cigarette to be detected by the computer.
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Figure 7.15

Test set up when using a direct source of CO

The set up used for this CIG-TST-1 was not a sealed system. The power cords
connected to the sensor data acquisition system left a small opening under the translucent
box for the gases to escape. This ended up being a good set up because it allowed for the
sensor to experience an increase and decrease in concentration of CO and CO2 as
depicted in Fig. 7.16 and Fig. 7.17, respectively. During the first 3 minutes of CIG-TST1, there was a large increase in CO from 0 to 160 ppm. There was then a brief sudden dip
in data, due to the translucent box being lifted slight to reposition the cigarette in the
system. After the dip, there was another small increase in CO data at which point the
data starts to steadily decrease. The steady decrease in concentration was due to the fact
that the cigarette had stopped burning and was therefore not producing any more CO.
The same behavior in data can be observed in the CO2 data except to a greater magnitude.
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This test confirmed that both the CO and CO2 sensor could detect changes due to a direct
source of each gas without being dependent upon temperature.

Figure 7.16

CO outgassed from a cigarette
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Figure 7.17

7.5

CO2 outgassed from a cigarette

Small Scale Payload Simulation with PLA and ABS
For the following tests, the test set up was modified slightly. While the distance

from the heater would again be the same distance, the tests were moved to a smaller room
with an available space of 33.33 ft3. These tests were meant to be a small-scale
simulation of the temperature change condition the sensor data acquisition system might
experience during a launch sequence. The temperature change in all prior tests was
approximately 5 °C, and in all likelihood the temperature change within the payload bay
during an actual test would be much greater than that. Moving the tests to a smaller room
would potentially allow for a greater and more rapid change in temperature to occur. The
duration of the tests was also shortened to 30 minutes because during initial tests in the
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new room with only heat, the heater would shut off at various times between 30 and 60
minutes.
It is important to note that PLA2-TST-1 and ABS1-TST-1 were conducted on the
same day. PLA2-TST-1 was conducted early in the day, and after enough time had
passed for the temperature in the room to stabilize, ABS1-TST-1 was conducted. During
data analysis, this was important to note because the overall CO2 values over the course
of the day decreases which is evident by the starting values of CO2 for each of these tests.
Human breath is the main factor in the concentration of CO2 indoors. During the setup of
the first test, it is entirely possible that CO2 from human breath built up in the room and
over the course of the day slowly dissipated. Table 7.1 states the initial starting values of
CO2 for both tests. This trend would prove to be consistent in all subsequent tests that
were conducted on the same day.
Table 7.1

Initial CO2 concentration values compared
Test
PLA2-TST-1
ABS1-TST-1

7.5.1

CO2 Initial Value (ppm)
1740
1180

PLA2-TST-1
Both PLA and ABS boxes used in these tests were printed on the same day and

were the same size as the PLA box in previous tests. These boxes were not tested until
six weeks after the date on which they were printed. The time between print and test
dates were twice as great for this test compared to PLA1-TST-1. As illustrated in Fig.
7.18, the concentration of CO recorded was approximately 0 ppm though there were
fluctuations between -2 and 3 ppm and was not affected by the 5 °C change in
temperature. This data is very similar to that of PLA1-TST-2. This indicates that the
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time between print and test date might be a factor in the amount of CO that is outgassed.
Similar to PLA1-TST-1, the concentration of CO2 during PLA2-TST-1 increased steadily
over the entire duration of the test until an equilibrium was reached at approximately
1800 ppm, which was an increase of 60 ppm as illustrated in Fig. 7.19. This increase was
similar to that from PLA1-TST-1, though that test was conducted twice a soon after the
print date. Again, it is likely that diffusion and desorption are the main sources of
outgassing in this test.

Figure 7.18

CO response from new PLA box with heat added
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Figure 7.19

7.5.2

CO2 response from new PLA box with heat added

ABS1-TST-1
ABS1-TST-1 was conducted under the same conditions as the prior test. The

change in the concentration of CO, as depicted in Fig. 7.20, was very similar to all of the
previous tests. CO is approximately 0 ppm with some noise and slight dependency upon
the 4 C temperature change. This dependency was very slight ranging in values of -6 to 4
ppm. While this change in concentration was slight, the sensor behavior was still the
same as before, however, it is important to note that the temperature dependency was
now decreasing instead of increasing like prior tests. Like PLA2-TST-1, the
concentration of CO2 increased by approximately 70 ppm from its beginning value to
1250 ppm. Again, this increase was steady as all previous tests and likely due to the
same sources of outgassing. Like PLA1-TST-1 and PLA1-TST-2, there was no reason
believe these values were incorrect. There were still some signs of temperature
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dependency in the CO sensor but over the duration of all test’s values were still
approximately 0 ppm. This again verified the fact that outgassing is a factor of
temperature and time.

Figure 7.20

CO response from new ABS box with heat added
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Figure 7.21

7.6

CO2 response from new ABS box with heat added

Testing PLA and ABS Over Time
After the first two tests of outgassing with ABS and PLA, multiple tests of the

same boxes were conducted over the span of one week to understand the rate of
outgassing. The ABS and PLA boxes were tested three times on four different days for a
total of 24 tests; 8 static tests with no thermoplastic present, 4 static tests with each
thermoplastic present, and 4 dynamic tests with each thermoplastic and heat added to the
environment. As previously stated, outgassing is a function of time and heat, both of
which are present in these tests. The tests were conducted in the 33.33 ft3 room and the
size of the box was reduced to 450 cm3 to solely conserve plastic.

Each testing day, the

static test with no thermoplastic, the static test with a single thermoplastic box, and the
dynamic test with heat added to the environment were completed consecutively for one
thermoplastic box, and then later in the day, the same testing sequence was followed for
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the other thermoplastic box. The boxes used in the following tests were both printed on
January 14, 2019. The first test was completed 5 days after they were printed, and the
final test was completed 12 days after being printed.
7.6.1

Sensor Response in Static Environment
For comparison purposes, the eight static tests with no plastic present were

compared to each other to understand the system behavior over the week of testing.
Values for CO, and CO2 from each test were averaged to represent a sample of the test
data. CO2 values were drastically different day to day which is expected since testing
occurred in a poorly ventilated room. Human breath contains a large source of CO2 and,
if trapped in the testing room, is more than likely why the values are so drastic. Since
CO2 varied test to test, CO2 values were compared relatively with each test being
adjusted so that the initial value of CO2 was 1000 ppm. It should be noted that values for
CO were not modified because prior to testing it was assumed that the environment
contained a value of 0 ppm of CO. The averages for CO, CO2, and relative CO2 can be
observed in Table 7.2.
Table 7.2

CO and CO2 response to a static environment with no thermoplastic present

Test # (Set)

CO Avg (ppm)

Test 1 (8 ABS)
Test 2 (9 PLA)
Test 3 (10 PLA)
Test 4 (11 ABS)
Test 5 (12 ABS)
Test 6 (13 PLA)
Test 7 (14 PLA)
Test 8 (15 ABS)
*Denotes the data is an outlier

CO2 Avg (ppm)

-1.039
-0.8034
0.2378
-5.159*
-1.441
0.3345
-0.0399
-2.589

2864
1357
443
404
911
997
944
1111
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CO2 Relative Avg
(ppm)
1002
1012
942*
1019
1035
1004
1010
979

These values were then used to compute the mean (μ) and standard deviation (σ)
of the sample data for CO and relative CO2 via Equation 7.1 and 7.2, respectively:
1

𝜇 = ∑𝑁−1
𝑖=0 𝑋𝑖
𝑁

1

𝜎=√

𝑁−1

2
∑𝑁−1
𝑖=0 (𝑋𝑖 − 𝜇)

(7.1)
(7.2)

where Xi is the data from a single test and N is the number of samples. The mean and
standard deviation for CO were determined to be -1.31 ppm and +/-1.83 ppm,
respectively, while the mean and standard deviation for relative CO2 sample data were
determined to be 1000.69 ppm and +/-28.41 ppm.
However, it is never enough to assume that these values are representative of
every test based on the sample data. Sometimes outliers can be present in a set of sample
data and can greatly increase error. One method that is widely accepted to statistically
check for outliers is Chauvenet’s Criterion, which defines an acceptable scatter around
the mean value from a given sample of N measurements from the same parent
population. [32] To check for outliers in the sample data, a Mathcad program developed
by Dr. Rogelio Luck of Mississippi State University was used. This Mathcad program is
presented in Appendix A. The program is a simple script that starts by counting how
many rows of data are present. That number is then used to calculate the Gaussian
probability for the given set of data. The average of the data is calculated followed by the
maximum allowable deviation based on the absolute value of the Gaussian probability
multiplied by the standard deviation of the set of data. Then, if the difference between
the data and the average is less than the maximum allowable deviation, the data will be
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kept. If the difference between the data and the average is greater than the maximum
allowable deviation, the data will be discarded.
Chauvenet’s criterion was applied to both CO and relative CO2 data using the
aforementioned program. The outliers, which are denoted by asterisks in the tables, were
Test 4 for CO and Test 3 for relative CO2. After both outliers were eliminated from the
data, the mean and standard deviation for CO and relative CO2 were recalculated. The
new mean and standard deviation of CO were calculated to be -0.763 ppm and +/-1.049
ppm, respectively, while the new mean and standard deviation of relative CO2 were
calculated to be 1009.012 ppm and +/-17.18 ppm. As expected, the standard deviation
for both CO and relative CO2 were reduced after the elimination of outlier data.
Additionally, to understand the Gaussian probability of the values for CO and relative
CO2, a t-distribution, which is a probability distribution that is used to estimate the
parameters of a parent population given a smaller sample size, was used to calculate the
confidence level of the data. [32] For this scenario a confidence level of 95% was
analyzed. For a sample of 7 tests, the t-distribution for a 95% confidence level is t95% =
2.365. [32] Using this value, the confidence interval can be calculated by use of Equation
7.3:
𝐶𝐿 = 𝑡95% ∗ 𝜎

(7.3)

Using Eq. 7.3, the 95% confidence level for CO and relative CO2 were calculated to be
2.48 ppm and 40.63 ppm, respectively. This confidence level sets an upper and lower
bound upon the sample mean between which 95% of the population data from any test
and at any time will be contained.
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7.6.2

Sensor Response in Static Environment with Thermoplastic Present
Before analyzing the static tests with both thermoplastic boxes over the gas

sensors, it was hypothesized that there would be an increase in CO, and relative CO2
values. It turned out that this was not correct. Following the same procedure as the static
tests with no thermoplastics, the average values for CO, CO2, and relative CO2 were
calculated to create a sample set of data. These average values for ABS and PLA are
displayed in Table 7.3 and Table 7.4, respectively.
Table 7.3

CO and CO2 outgassed from ABS in a static environment

Test # (Set)
Test 1 (8 ABS)
Test 4 (11 ABS)
Test 5 (12 ABS)
Test 8 (15 ABS)

Table 7.4

CO Avg (ppm)
-0.0708
-0.6695
-2.693
-2.886

CO2 Avg (ppm)
2899
457
919
1076

CO and CO2 outgassed from PLA in a static environment

Test # (Set)
Test 2 (9 PLA)
Test 3 (10 PLA)
Test 6 (13 PLA)
Test 7 (14 PLA)

CO Avg (ppm)
0.2144
-0.4841
0.5187
0.1173

CO2 Avg (ppm)
1404
484
999
963

Using Eq. 7.1 and 7.2, the mean and standard deviation of CO from ABS were
determined to be equivalent to -1.58 ppm and +/-1.42 ppm, respectively, while the mean
and standard deviation of relative CO2 from ABS were determined to be 990.41 ppm and
+/-28.37 ppm, respectively. Chauvenet’s criterion was applied to the data, but no outliers
were found since the sample size was so small. Additionally, applying a confidence level
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of 95% to the data, using a t-distribution of t95% = 2.776 for a sample of 4, resulted in an
upper and lower confidence limit of 3.94 ppm and 78.76 ppm for CO and relative CO2,
respectively. For the ABS tests, the hypothesis was not confirmed. The mean of CO and
relative CO2 both decreased compared to the test when ABS was not present, whereas the
standard deviation of CO and relative CO2 both increased. One reason for this
discrepancy could be because the total volume in which the gas sensors were located was
now smaller; for the first tests the sensors were detecting gas in the entire room which
was much larger than area under the thermoplastic boxes. It is interesting to note,
however, that the standard deviation for both gases was larger, which means there were
larger deviations from the average that the tests before.
Repeating the same procedure as before, Eq. 7.1 and 7.2 were used to calculate
the mean and standard deviation of CO from PLA which were determined to be
equivalent to -0.092 ppm and +/-0.420 ppm, respectively, while the mean and standard
deviation of relative CO2 from PLA were determined to be 1013.53 ppm and +/-9.047
ppm, respectively. Chauvenet’s criterion was applied to the data again, but no outliers
were found since the sample size was so small. Applying a confidence level of 95% to
the data, using a t-distribution of t95% = 2.776 for a sample of 4, resulted in an upper and
lower confidence limit of 1.17 ppm and 25.12 ppm for CO and relative CO2, respectively.
The mean of CO and relative CO2 both increased slightly compared to test when ABS
was not present, whereas the standard deviation of CO and relative CO2 both decreased,
therefore supporting the hypothesis.
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7.6.3

Testing Over the Span of One Week with Heat
It was hypothesized that over the span of a week of tests there would be a

decrease in outgassing from both ABS and PLA boxes, because as previously stated,
outgassing is a function of time and temperature. Each of these tests were performed
over a 30-minute time span to ensure that all tests encompassed the same time frame.
Additionally, the system was placed approximately 18 inches away from the heat source
and elevated approximately 11 inches off the ground to be in the direct flow of hot air.
The time frame of the tests was chosen to be 30-minutes because it was an even number
and for some tests longer than 30 minutes, the heater would shut off by itself. Figure
7.22 depicts the test set up for the following tests.

Figure 7.22

Test set up for testing ABS and PLA over the course of one week
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7.6.3.2

ABS Tested Over One Week
Figure 7.23 illustrates the outgassing of CO2 from the ABS box over the span of

one week. Like the previous tests, values for CO2 have been modified so a relative
comparison can be observed since actual CO2 values differed for each test. As illustrated
in Fig. 7.23, the first time the ABS was introduced to heat, it outgassed approximately
300 ppm of CO2. After the first test, there was a steep decrease in outgassing, and the
second test outgassed approximately 80 ppm of CO2. The third test followed suit with
test two and outgassed around 80 ppm. The fourth test was slightly different than the
prior tests. It outgassed approximately 20 ppm of CO2, before decreasing below the
value at which it began. The likely cause of this phenomena is that the box could not
physically outgas any more CO2, at which point an equilibrium was reached and gases
began re-adsorbing to the walls of the box resulting in a decrease in CO2. With the steep
decline in outgassing over the four tests, the hypothesis made prior to the test was thus
supported.
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Figure 7.23

CO2 response from ABS over one week

In addition to CO2, the outgassing rate of CO was also observed over the span of
one week. In Fig. 7.24 the inverse of the outgassed values of CO is plotted. The inverse
of CO values was used in order to make the graph look more presentable. The first test
reached approximately -50 ppm while the last test reached about -6 ppm. It should be
noted that negative values of CO were not expected to occur. However, it can be
observed that over the span of the tests values of CO do in fact become closer to 0 ppm.
The datasheet provided by the manufacturer states that the typical response of an applied
concentration of 5000 ppm CO2 is <1 ppm CO and would, therefore, not be the cause of
these negative values. [33] After this discrepancy was noticed, the software for the CO
sensor was checked multiple times with the source code to ensure there were no changes
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and while none were found it will be important to re-evaluate the software for later tests
and test to ensure it operates properly.

Figure 7.24

CO outgassed from ABS over the course of one week

*It is important to note the -CO (ppm) indicates that the data is inverted in the figure.

As previously mentioned, the amount of CO2 outgassed should not influence the
CO sensor according to the manufacturer’s datasheet. To prove this, CO was plotted
against CO2 for each of the prior tests as illustrated by Fig. 7.25. As evident by Fig. 7.25,
there seemed to be a correlation between the two sensors output when large amounts of
CO2 were detected. However, this correlation did not translate when smaller amounts of
CO2 were detected. It should be noted that while there seemed to be a correlation
between the data this does not mean the response from each sensor was a cause and
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effect. CO2 should not cause a negative response in CO. It is likely that some other
unknown phenomenon was responsible for the behavior in Fig. 7.25.

Figure 7.25

7.6.3.3

Comparison of -CO and CO2 responses from ABS with heat added

PLA Tested Over One Week
Figure 7.26 illustrates the outgassing of CO2 from the PLA box over the span of

one week. The first test of PLA outgassed approximately 100 ppm of CO2 before
reaching an equilibrium toward the end of the test. Much like the first test, the second
test outgassed approximately 100 ppm of CO2 before reaching an equilibrium and
decreasing before the test was finished. This is the same phenomena that was observed in
the fourth test of ABS and may have occurred for the same reason. Additionally, it is
likely that if the duration of every test was increased, at some point during each test this
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same behavior would be noticed due to the nature of desorption. The third and fourth
tests were almost identical in which they both outgassed approximately 35 ppm of CO2
before reaching an equilibrium. In addition to the CO2 tests of ABS, these tests support
the prediction made prior to test. Over the span of one week, both ABS and PLA
outgassed over 3 times as much CO2 during the first test compared to the fourth.

Figure 7.26

CO2 response from PLA over the course of one week

The outgassing of CO from PLA is illustrated in Fig. 7.27. The results for CO
outgassing of PLA were nearly identical to those of ABS. Figure 7.27 presents the
inverse of the recorded values. However, while CO2 cross-sensitivity is likely not the
cause of the error, it is interesting to note that once again as the tests progressed they
appear to have been slowly approaching 0. If assumptions were to be made to determine
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why the data is inherently incorrect, one assumption would be that there is an inverted
sign somewhere in the software. This would seemingly be a reasonable assumption
considering the fact that the first test for both ABS and PLA potentially outgassed much
more than the last test. Another assumption would be that there is a temperature
dependency offset error somewhere in the software since the temperature of the first tests
for both ABS and PLA were slightly higher than all the following tests.

Figure 7.27

CO response from PLA over the course of one week

*It is important to note that CO values are inverted in the figure

7.7

Assembled Prototype Testing
After testing the sensor data acquisition system in its initial configuration which

was suitable for PLA and ABS box testing, it was important to conduct testing in a
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payload bay configuration. To conceptualize the payload section for the sensor data
acquisition system, a 3D model prototype was created using Autodesk Inventor and then
printed using PLA. All the sensors were mounted using clear Scotch 3M adhesive strips
for the time being. Through-holes dedicated to mounting the sensors with screws were
added to the design for a final product. Outgassing data for the adhesive strips could not
be found, but it was assumed that since the surface area of the tape that was exposed to
the environment was so small that if it were to outgas, it would likely be trace amounts.
All prior tests were completed with all the sensors mounted on top of a box which
contained the microcontrollers and microSD board. In the initial configuration, all
sensors were mounted horizontally, but in the new configuration all sensors would be
mounted vertically except for the accelerometer. With the sensors being mounted in new
positions as illustrated in Fig. 7.28, it was important to understand if the sensors would
have the same response they had previously or if errors would be introduced to the
system.

Figure 7.28

Assembled Prototype of the sensor data acquisition system for rocket
payload application
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The first testing of the prototype sensor data acquisition system was conducted
outdoors on a relatively calm afternoon. Since the weather was calm, wind was not a
factor in temperature fluctuations measured by the atmospheric sensor. Testing was
conducted outside because all values of temperature, pressure, relative humidity, CO2,
CO, and NO2 would already be known and allow for comparison of the measured system
data. All atmospheric data was compared to the data reported by AccuWeather, while
CO2, CO, and NO2 data were compared to known atmospheric values of the gases in
fresh air which are 400 ppm, 0 ppm, and 0 ppm, respectively. A total of ten 15-minute
tests during which all sensors recorded data simultaneously were conducted in a
consecutive manner to determine any errors within each sensor.
7.7.2

Atmospheric Sensor Data Analysis
As previously mentioned, all atmospheric data recorded by the sensor data

acquisition system was compared to the data provided by AccuWeather. For each test,
AccuWeather’s website was refreshed to ensure the most accurate data at the time of each
test was being recorded. The comparison between the AccuWeather data and the sensor
data acquisition system’s atmospheric data can be observed in Table 7.5. The data
recorded by the atmospheric sensor is accurate when compared to the AccuWeather data.
According to the manufacturer datasheet, the accuracy of the pressure, temperature, and
relative humidity are typically 1.0 hPa (100 Pa), 1 °C (1.8 °F), and 3 % RH, respectively.
[18] The accuracy values provided by the manufacturer are likely systematic errors and
will be slightly different when comparing the errors between the measured and known
data values. It is interesting to note, that the error in relative humidity is very close to the
error between the measured and known values of relative humidity. As for the errors in
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temperature, the temperature value is measured by the internal temperature sensor which
is dependent upon the printed circuit board (PCB) temperature sensor element selfheating and ambient temperature which typically measures higher than ambient
temperature. [18] For each test, the measured temperature value ranged anywhere from
2.02 °F to 4.44 °F higher than the known value while the manufacturer stated the
accuracy is 1.8 °F. This discrepancy is likely due to the fact that the temperature sensor
typically measures higher ambient temperature values.
Table 7.5

Pressure, Temperature and Relative Humidity difference between BME280
and AccuWeather
Pressure (kPa)

Test

DAQ

AW

1
2
3
4
5
6
7
8
9
10

100.4
100.4
100.4
100.4
100.4
100.4
100.4
100.3
100.3
100.3

101.5
101.5
101.5
101.5
101.5
101.5
101.5
101.4
101.4
101.4

Error
(%)
1.075
1.081
1.090
1.117
1.121
1.131
1.104
1.093
1.113
1.116

Temperature (°F)
Error
DAQ
AW
(%)
67.97
65
4.569
67.15
64
4.922
66.72
63
5.905
66.04
64
3.186
66.15
63
5.000
66.33
63
5.286
66.87
63
6.143
67.44
63
7.048
67.17
63
6.619
67.26
64
5.094

% Relative Humidity
Error
DAQ AW
(%)
72.90 79
7.722
75.42 79
4.532
77.50 79
1.899
81.64 79
3.342
81.50 78
4.487
81.32 78
4.256
80.54 78
3.256
79.54 78
1.974
80.59 77
4.662
80.02 76
5.289

The accuracy of the pressure between the measured and known values could stem
from a variety of factors such as different measurement devices, conversion factors and
temperature dependency. The first factor is the most obvious; the two values were
measured using different devices coupled with the fact that the AccuWeather data was
general data for the city of Starkville, while the sensor data acquisition system was being
measured at a single location with Starkville. The next factor is likely due to errors in
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converting the known values given in inches of Mercury (inHg) to Pascals (Pa) to match
the units of the measured values. The final factor stems from the fact that almost all
electronics are susceptible to temperature dependency, and the pressure sensor is no
different. While temperature coefficient offsets are accounted for in the software for the
sensor, the temperature measurements are known to be inherently high and could
therefore be contributing to the error of the pressure. However, even with other possible
factors of error between the two values, being off by approximately one percent is
phenomenal in a relative sense. This atmospheric sensor is not affected by sensor
orientation and should be more than adequate for the application of the sensor data
acquisition system.
Additionally, it is important to note that the manufacturer recommends that sensor
avoid exposure to strong light sources because the sensor chip is sensitive to light and can
influence the accuracy of the measurement. [18] For the aforementioned tests, proper
care was taken to ensure that the sensor was not subjected to a strong light source for
testing was conducted in the shade. This will need to be considered if the body tube
section for the payload is made from acrylic, and if that ends up being the case, the 3-D
model can be modified to help block direct light from the sensor.
7.7.3

CO2 Sensor Data Analysis
In addition to knowing the values of temperature, pressure and relative humidity,

the value of atmospheric gases is also known. Once the system was outside and had all
the sensors had time to return to an equilibrium, the CO2 sensor was calibrated to the
known atmospheric value of 400 ppm [20]. The average CO2 data from each test can be
observed in Table 7.6. Once all the data was gathered, an uncertainty analysis was
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conducted. For each test, the mean and standard deviation was calculated using built-in
excel functions based on the population data of a given test. Then, using the average of
each test as sample data, the mean and standard deviation of the sample data was
calculated. The mean of the sample data was calculated to be μ = 391.52 ppm and the
standard deviation of the sample was calculated to be σ = 3.03 ppm.

Table 7.6

The average of CO2 during each test

Test #
1
2
3
4
5
6
7
8
9
10
* Denotes that the data is an outlier

CO2 Average (ppm)
389.7
388.0
391.5
388.2
390.7
398.0*
390.7
394.6
393.0
390.9

After using Chauvenet’s Criterion on the sample data, the data from Test 6 was
determined to be an outlier and was rejected from the data. After rejecting the data from
Test 6, the new mean and standard deviation were calculated to be μ = 390.8 ppm and σ =
2.11 ppm, respectively. Now, knowing the mean and standard deviation, the confidence
level of the data can be calculated by using t-distribution, which is a probability
distribution that is used to estimate the parameters of a parent population given a small
sample size. [32] For a sample of 9 tests, the t-distribution for a 95% confidence level is
t95% = 2.262. [32] This means that there is confidence that 95% of the average data from
any test at any time will fall between the bounds of +/- 4.77 ppm. Since the temperature
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did not fluctuate more than 1.07 °C, temperature dependency was not much of a factor
for these tests, but important to understand going forward. Just like the atmospheric
sensor, the orientation of the CO2 sensor does not introduce new errors and should be
ideal for the application of the sensor data acquisition system.
7.7.4

CO and NO2 Sensor Data Analysis
Much like the atmospheric and CO2 sensor, there is a known atmospheric value of

CO in fresh air of 0 ppm for the measured data to be compared. The mean data for each
test can be observed in Table 7.7 below. Once all of the data was gathered, an
uncertainty analysis was conducted. For each test, the mean and standard deviation was
calculated using built-in excel functions based on the population data. Then, using the
average of each test as sample data, the mean and standard deviation of the sample data
was calculated. The mean of the sample data was calculated to be μ = 0.110 ppm and the
standard deviation of the sample was calculated to be σ = 0.309 ppm. For the CO data,
Chauvenet’s Criterion was used again to determine if there are any outliers in the sample
CO data.
Table 7.7

The average of CO for each test

Test #
1
2
3
4
5
6
7
8
9
10
*Denotes the data is an outlier

CO Average (ppm)
-0.613*
0.018
0.446
0.229
-0.019
0.306
0.163
0.331
0.334
-0.094
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The data from Test 1 turned out to be an outlier and was thus rejected. Using the
non-rejected data, the mean and standard deviation were calculated to be μ = 0.191 ppm
and σ = 0.186 ppm. Using the same equation as before, a 95% confidence level is
calculated to be +/- 0.420 ppm which means that 95% of all average data will fall
between these bounds. The same steps were taken to analyze the data for the NO2 sensor,
however, all readings were 0 (which is expected) so, therefore, no uncertainty analysis
was completed for the NO2 data. While no new errors were introduced in the CO and
NO2 sensors based on it being mounted in a new orientation, more testing needs to be
conducted to determine if they are suitable for rocket payload application.
7.7.5

Accelerometer Data Analysis
In addition to the atmospheric and gas sensors, the accelerometer of the sensor

data acquisition system was also analyzed to ensure it was functioning properly. In the
previous configuration, the accelerometer was oriented with the z-axis pointing upward
while the x- and y-axis were in the horizontal plane. For the prototype, the prior
orientation of the accelerometer was considered and mounted in the same manner. With
the z-axis pointing upward, the measured values should ideally be 1, while measured
values for the x- and y-axis should ideally be 0. As previously mentioned, there are
errors inherently present within the accelerometer mainly since the relative values
measured in static ground tests compared to the maximum value the accelerometer can
detect. Additionally, error is present in the system every 5 seconds for 0.5 seconds from
the light source on the CO2 sensor as previously mentioned. The averages for X, Y, and
Z after the increased errors from the light source had been corrected for are displayed in
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Table 7.8. For this test, the corrections for the light source error were completed by
simply replacing the value for the ideal value that should be recorded.

Table 7.8

The average g value for x, y and z-axis for each test

Test #
1
2
3
4
5
6
7
8
9
10

X (g)
0.333
0.273
0.300
0.269
0.275
0.330
0.325
0.297
0.312
0.317

Y (g)
0.104
0.013
0.050
-0.001
0.013
0.074
0.067
0.047
0.060
0.068

Z (g)
1.326
1.249
1.283
1.248
1.267
1.319
1.316
1.306
1.319
1.344

The averages for the accelerometer over the ten samples for x, y, and z are 0.303
g, 0.049 g, and 1.298 g, respectively. The averages are very close to what they should
ideally be, especially the average of y. The standard deviation in each axis for the ten
samples are 0.024 g, 0.033 g, and 0.034 g for x, y and z, respectively. The t-distribution
can also be applied to these sets of data. Applying a t95% of 2.282 for ten samples results
in confidence levels of 0.055 g, 0.074 g, and 0.076 g for x, y and z, respectively. This
means that for y there is a 95% confidence that the ideal value 0 would fall within the tdistribution, however, for x and z, 0 and 1 fall outside of that 95% confidence level. The
software would need to be tweaked to account for this discrepancy. Since one bit is
equivalent to 0.39 g, the value in the software for x and z can be decreased by one bit.
The averages of x and z would potentially be -0.087 g and 0.908 g, respectively, based on
the sample data from these ten tests. For ground tests applications, this accelerometer is
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fine, however, when the actual system is ready to be tested in a payload during a launch,
this accelerometer will need to be switched out for one with a more refined resolution.
7.8

Testing of Prototype within the Body Tube
Prior testing showed that the CO sensor was recording a negative change in

concentration which is something that should not occur. The values for temperature span
correction and zero-temperature offset were changed back to the original values that
originally used for those constants in the software. The test set up for the following tests
remained the same but is pictured in Fig. 7.29 to illustrate the sensor data acquisition
system inside the body tube. The body tube used for these tests was made from Carbon
Fiber. The following tests were conducted across two days. The first two tests were
conducted on the same day, with the last two tests being conducted on the very next day.

Figure 7.29

Left: The test set up with just the prototype sensor data acquisition system.
Right: The test set up with the prototype sensor data acquisition system
inside the body tube
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Table 7.9 notes the starting and ending values of CO2 for each test. It is important
to note that prior to the first test, the body tube was placed over the sensor data
acquisition system and was not removed until after the fourth test had been completed on
the second day. The behavior of the CO2 sensor for these tests was very different than
previous test and follows no distinct pattern. However, the first and third test both
decrease over the duration of each tests. Both tests were also the first tests conducted on
each test date. The second and fourth test show an increase in CO2 over the duration of
the test. The first and third tests are scenarios which had not been documented before
and were not expected to occur, while the second and fourth test are scenarios which have
occurred during testing before.
Table 7.9

Initial and final values of CO2 for each test
Test #
1
2
3
4

Beginning Value (ppm)
1482
925
1158
1125

Ending Value (ppm)
1104
979
1036
1269

To garner a better of understand of what this data means, the data was compared
graphically in two different ways. First, all the CO2 data from each test were compared
relative to the initial value of CO2 in test 4 which is illustrated in Fig. 7.30. Test 4 was
chosen as the basis for comparison because the sensor behavior compared extremely well
to previous outgassing tests. Upon analyzing this data, it was evident that the comparison
among the four tests did not have any correlations and proved to be meaningless in a
relative sense.
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Figure 7.30

CO2 response relative to the initial value of test 4 which is an expected
scenario

Then, the data was then compared relative to the final value of CO2 in test 4
which is illustrated in Fig. 7.31. Upon analyzing this data, it became abundantly clear
that there was a correlation between the first and third test. The first half of the test for
both scenarios are drastically different, however, both tests follow the same regression as
each other. As previously mentioned, this type of data was not evident in any prior
testing tests involving fluctuations in temperature. The CO2 sensor needed a 15-minute
burn in period before testing can commence and in all prior testing this burn in time was
observed. However, in previous tests, prior to heating the environment, the sensor data
acquisition system had been on for the burn in period as well as two 30-minute tests, thus
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resulting in a total of 75 minutes the system had been on prior to heating the
environment.

Figure 7.31

CO2 response relative to the final value of test 4 which is an expected
scenario

It is now evident that the CO2 sensor needs a much longer burn in period before it
is fully operational. The discrepancy between tests 1 and 3 and tests 2 and 4 are due to
the difference in burn-in time. Test 1 and 3 were only allowed a 15-minute burn-in
period before testing, and the system was left powered on until test 2 and 4 were
conducted on their respective days. The time the CO2 sensor had to burn in before test 2
and 4 were conducted was more than 5 hours.
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The data recorded from the CO sensor was now positive again after reverting to
the original constants used in the software as depicted in Figure 7.32. While the values
were now mostly positive, there was now no correlation between any of the data. There
was an increase in CO outgassed from test 1 to test 2, which did not follow the trend in
previous data. Then, there was a decrease in CO outgassed from test 3 to test 4, which is
more likely to occur based on previous data. The magnitude of CO outgassed was much
lower on day 1 than on day 2, which again did not follow the data trend from previous
testing. Based on data from these four tests and all prior tests, there are evident
temperature dependency errors with the CO sensor in use in this system.

Figure 7.32

CO response within the body tube with heat added
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CHAPTER VIII
CONCLUSION
After numerous sets of ground tests, it was evident that only two of the sensors on
the prototype sensor data acquisition system would be reliable for rocket payload
application. The atmospheric sensor proved that it was very accurate and consistent
when used indoors or outdoors. The only concern with the atmospheric sensor is ensure
the pinhole on the chip sensor does not experience a strong light source because
temperature data can easily be skewed. Measures can easily be taken to ensure this does
not happen during a test flight. Additionally, the CO2 sensor proved that it could detect
large and small changes in CO2 concentration. Even though the CO2 sensor was meant to
be used indoors, it proved to not be temperature dependent and would be suitable for
rocket payload application given that a proper burn-in time is allowed for the sensor to
become fully operational.
On the other hand, the accelerometer, CO, and NO2 sensor proved that they are
not suitable for rocket payload applications. The resolution of the accelerometer would
be too large to record accurate acceleration readings, and the errors presented by the CO2
sensor’s light source would likely present an entirely different challenge when analyzing
flight data. Future iterations of this sensor data acquisition system would ideally require
an accelerometer capable of measure a full-scale range of 16-18 g’s. Much like the
accelerometer, alternative options for CO sensors would need to be explored in future
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iterations. While the CO sensor proved that it was capable of measure direct sources of
CO, it proved to be too temperature dependent during the ground tests which were meant
to simulate the temperature changes a rocket payload may experience during an actual
flight. This temperature dependency was extremely noticeable in every test in which the
system experienced a change in temperature. While the NO2 sensor did not experience
the same temperature dependency as the CO sensor, they only instance in which the
sensor recorded any NO2 was during the rocket motor test fires. For future iterations, it
would be recommended to find an alternative NO2 sensor since the CO and NO2 sensors
are manufactured by the same company.
Future iterations of the sensor data acquisition system would ideally use Arduino
Nano. This microcontroller is much smaller than the Arduino Uno, which would save
space in the payload, and it also has two more analog input than the Arduino Uno. As
previously mentioned, a new 16-18 g full-scale accelerometer would be needed, in
addition to CO and NO2 sensors that are less temperature dependent than the current
ones. It is very likely that these new sensors will require different wiring methods which
will determine if one or two Arduino Nanos are needed. It would be ideal if all the new
sensors and the atmospheric and CO2 sensors could fit on one Arduino Nano. This would
make modifying the sensor data acquisition system software very quick and easy, and it
would save some space in the payload.
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APPENDIX A
CHAUVENET’S CRITERION MATHCAD PROGRAM
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Figure A.1

Automatic Chauvenet’s Criterion Mathcad script created by Dr. Rogelio
Luck
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